bleomycin ͉ inflammation
I
nterstitial lung diseases (ILDs) are a heterogeneous group of Ͼ150 disorders characterized by epithelial injury, fibroblast proliferation, expansion of the lung matrix, and dyspnea. Among these diseases, idiopathic pulmonary fibrosis (IPF) is the most frequent and lethal. The median survival of IPF patients is 3-5 years irrespective of whether they receive therapy (1) , and recent studies suggest that its incidence and prevalence is increasing (2) . Inflammatory responses in IPF are mediated by release from activated macrophages and other leukocytes of the proinflammatory cytokines IL-1 and TNF-␣ (3). These cytokines induce endothelial cells to express adhesion molecules and chemokines that attract other white cells from the blood to the site of injury (4, 5) . IL-1 and TNF-␣ also stimulate proliferation of endothelial cells and fibroblasts that increase the blood supply at the site of injury and repair damage by formation of scar tissue (6) .
The IL-1 family includes the structurally related proteins IL1-␣, IL-1␤, and interleukin 1 receptor antagonist (IL1RN) that bind to the same receptor. However, IL1RN functions as a competitive inhibitor of IL-1␣ and IL-1␤ (7) . Various studies have shown that the IL-1 family plays an important role in ILD. For example, injection of recombinant IL-1 protein into rodent tracheas promotes acute alveolar leakage and neutrophil inflammation in lung (8, 9) . Moreover, IL-1 expression levels in lung are correlated with the development of pulmonary fibrosis in rodents exposed to bleomycin (BLM) or radiation (10, 11) and up-regulated in fibro-proliferative areas within the lungs of idiopathic pulmonary fibrosis patients (12) . In addition, patients with a particular IL1RN polymorphism demonstrate a higher risk for fibrosing alveolitis, indicating that an imbalance between IL-1 and IL1RN activity also contributes to ILD (13) . The results are consistent with studies demonstrating that IL1RN administration blocks lung fibrosis induced in mice by exposure to BLM or silica (14) .
Over the past decade, stem cells from adult bone marrow have been exploited as therapeutic vectors to treat a wide variety of diseases (15, 16) . However, limited information exists regarding the therapeutic potential of these cells in lung diseases. For example, several studies have demonstrated that hematopoietic stem cells (17) or marrow-derived stromal cells (18) contribute to airway and distal (type II) alveolar epithelium, but the capacity of these cells to ameliorate disease has been largely unexplored. Recently, we reported that mesenchymal stem cells (MSCs) administered to mice challenged with BLM engrafted at low levels but significantly reduced the extent of inflammation and fibrosis in lungs (19) . Importantly, MSCs were efficacious in ameliorating lung injury only when administered at the time of BLM challenge and not at later time points. This result suggested their therapeutic effect was attributed to the production of soluble factors that modulate inflammation. Herein, we report the identification of murine and human MSC subpopulations that secrete high levels of IL1RN. We also provide in vitro and in vivo data that production of IL1RN by MSCs protects mice from BLM-induced lung injury by blocking the production and/or activity of TNF-␣ and IL-1␣, the predominant proinflammatory cytokines in lung tissue. Our discovery of human MSC subpopulations that express IL1RN provides a strong rationale for developing MSC-based therapies to treat ILD.
sponding to IL1RN were identified, and one such tag ranked 208th in abundance of 15,815 distinct tag sequences ( Table 1) . Because of its antagonistic effects on IL-1 activity, we pursued the characterization of IL1RN expression in murine MSCs.
Screening by PCR of a murine MSC cDNA library validated that SAGE tags mapping to IL1RN corresponded to expressed mRNAs encoding this protein (Fig. 1a) . Additionally, ELISA analysis of conditioned media revealed that enrichment of murine MSCs by immunodepletion (21) afforded a significant increase (P ϭ 0.00067) in the amount of secreted IL1RN on a per cell basis compared with unfractionated, plastic adherent cells (Fig. 1b) . These data were consistent with the failure of hematopoietic lineages enriched by immunodepletion for expression of CD11b, CD45 (Fig. 2 a and c) , and CD34 (data not shown) to express detectable levels of IL1RN protein ( Fig. 2 b and d) . In contrast, Ϸ24% of immunodepleted murine MSCs were found to express IL1RN (Fig. 2e) . Immunostaining showed that IL1RN expression was restricted to a specific subpopulation of cells (Fig.  2f ) . Therefore, this unique MSC subpopulation represents the predominant source of IL1RN protein in murine bone marrow.
IL1RN Expressed by MSCs Blocks Antagonizes IL-1␣ Function.
To determine whether IL1RN expressed by MSCs is biologically active, we assayed its ability to inhibit proliferation of the IL-1␣-dependent helper T lymphocyte cell line D10.G4.1. Initially, we confirmed that recombinant IL1RN protein inhibited in a dose-dependent manner proliferation of D10.G4.1 cells induced by IL-1␣ and that this activity could be blocked by a neutralizing anti-IL1RN antibody [supporting information (SI) Fig. 7 ]. Subsequently, we showed that the stimulatory affect of IL-1␣ on D10.G4.1 cell proliferation was also significantly inhibited (P Ͻ 1 ϫ 10 Ϫ10 ) by MSC-conditioned media in a dose-dependent manner (Fig. 3a) . The inhibitory effect of conditioned media was correlated with its content of IL1RN protein and proportional to that measured for recombinant IL1RN protein. Moreover, treating MSC-conditioned media with a neutralizing anti-IL1RN antibody abolished its inhibitory effect on IL-1␣-induced cell proliferation (Fig. 3a) . Collectively, these data demonstrate that IL1RN is the principal IL-1␣ antagonist secreted by murine MSCs.
IL1RN Expressed by MSCs Blocks Release of TNF-␣ from Activated
Macrophages. In related experiments, we found that MSCconditioned media also inhibited the capacity of RAW-264.7 macrophages to secrete TNF-␣ in response to exposure to silica or LPS. Specifically, RAW-264.7 cells exposed to 20 g/cm 2 of silica (Fig. 3b ) or 1 ng/ml LPS (Fig. 3c ) for 4 h secreted significantly higher amounts of TNF-␣ into the media compared with nonstimulated cells (P Ͻ 0.000005). In contrast, when the exposures were performed in the presence of MSC-conditioned media, the amount of TNF-␣ secreted by RAW-264.7 cells in response to silica or LPS was reduced 54% (904.1 vs. 421.1 pg/ml) and 39.3% (34,040 vs. 20,652 pg/ml), respectively ( Fig. 3 b and  c) . The inhibitory effect on TNF-␣ secretion was significantly reversed by preincubation of the MSC-conditioned media with Listed in order of abundance are the SAGE tags catalogued from the murine MSC transcriptome that reliably mapped to mRNA sequences encoding IL1RN. The SAGE tag CTACGTATTG ranked 208th in abundance of 15, 815 distinct tag sequences. In addition, this SAGE tag ranked 98th of 8,133 tags that mapped reliably to a unique mRNA sequence. Pftk1, PFTAIRE protein kinase 1; Anapc7, anaphase promoting complex; Wdr17, WD repeat domain 17. a recombinant neutralizing anti-IL1RN antibody (data not shown). Whether reduction in TNF-␣ protein secretion is due to effects on gene transcription or translation is unknown at this time. Nevertheless, because macrophage activation contributes significantly to the inflammatory response, these data reveal another mechanism by which MSCs may limit inflammation at sites of tissue injury.
MSCs Modulate the Inflammatory Response in Lung in Vivo.
To determine whether MSCs alter the inflammatory response in vivo, mice were administered 0.1 unit of BLM via the endotracheal route and then infused with murine MSCs (500,000 cells in 20 l of PBS) through the jugular vein. Alternatively, as a substitute for MSCs, 1 ϫ 10 9 adenoviral particles harboring either an empty expression vector or one encoding IL1RN were instilled into the trachea of some mice before BLM exposure. The total number of cells contained in BAL fluid obtained from mice 3 days after exposure to BLM was not significantly different (P ϭ 0.15) between treatment groups (Fig. 4a) . However, BAL fluid from mice administered BLM and MSCs contained a significantly greater number of macrophages (P ϭ 0.039) and significantly fewer neutrophils (P ϭ 0.034) compared with that of animals exposed to BLM alone (Fig. 4b) . In contrast, BAL fluid from adenovirus-infected animals showed no significant difference in the number of macrophages (P Ͼ 0.2) or neutrophils (P Ͼ 0.05) but did contain significantly more lymphocytes (P Ͻ 0.005) compared with that from animals exposed to BLM. Differences in lymphocyte levels likely reflects a confounding effect of viral infection, because animals exposed to virus harboring the empty or IL1RN-expressing vector both showed elevated lymphocyte counts in their BAL fluid.
ELISA analysis also revealed that BAL fluid from animals administered BLM and MSCs contained significantly lower levels of IL1RN protein compared with that from animals challenged with BLM alone (P ϭ 0.032) or animals infected with the IL1RN-expressing adenovirus (P ϭ 0.014) (Fig. 4c) . In addition, TNF-␣ mRNA levels expressed in lung were shown by real-time PCR to be lower in MSC-treated animals compared with those of all other experimental groups. This difference was statistically significant (P ϭ 0.01) when compared directly with animals infected with the IL1RN-expressing adenovirus (Fig.  4d) . Therefore, MSC administration inhibited BLM-induced increases in cytokine mRNA and protein levels in lung and impeded trafficking of immune cells to this tissue. In most cases, the effects of MSCs were more pronounced than those of recombinant IL1RN delivered to lung by adenoviral infection.
MSCs Block Up-Regulation of IL-1␣ Gene Expression Induced in Lung
Tissue by BLM Exposure. In a second series of experiments, we evaluated how BLM exposure with or without MSC administration altered IL-1␣ mRNA levels in lung. In these studies, some mice were also administered recombinant IL1RN protein sys- temically by osmotic minipumps throughout the duration of the experiment. Levels of IL-1␣ mRNA were significantly elevated in the lungs of mice at 7 days (38.6-fold) and 14 days (14.5-fold) after BLM exposure compared with control animals challenged with saline alone (Fig. 5a) . However, systemic administration of IL1RN only modestly inhibited BLM-induced increases in IL-1␣ mRNA levels at 7 days after exposure and had no affect at 14 days. In contrast, MSC administration significantly reduced expressed levels of IL-1␣ mRNA induced in lung by BLM exposure by 7.3-and 3.3-fold at 7 and 14 days after exposure, respectively.
Levels of IL1RN mRNA were also significantly elevated in the lungs of mice at 7 (971-fold) and 14 (358-fold) days after BLM exposure compared with saline-treated controls (Fig. 5b) . Systemic administration of recombinant IL1RN failed to alter the effect of BLM on IL1RN expression levels in lung in any significant way. However, MSC administration significantly inhibited (P Ͻ 0.05) BLM-induced increases in IL1RN mRNA levels in lung tissue at 7 days after exposure. The inhibitory effect of MSCs was still apparent by 14 days after exposure but was no longer statistically significant. Therefore, MSC administration inhibited BLM-induced increases in both IL1RN mRNA and protein in lung tissue and BAL fluid, respectively.
Genomic DNA obtained from the lungs of all but one female mouse administered male MSCs (n ϭ 6-9 mice per group) was determined by real-time PCR (22) to contain appreciable levels of male DNA, which on average represented 0.54% and 0.01% of the total DNA content of lung at 7 and 14 days after exposure, respectively (data not shown). Although this represented a Ͼ40-fold difference in engraftment levels between time points, these values were not significantly different (P ϭ 0.075). Therefore, female mice challenged with BLM retained measurable levels of engrafted male MSCs in lung tissue over the time course of the experiment, providing further evidence that the cells directly effected changes in cytokine mRNA and protein levels.
Identification of an IL1RN-Expressing Subpopulation of Human MSCs.
Interrogation of the human MSC transcriptome (23) also revealed a single SAGE tag (TGCCTGTAAT) corresponding to IL1RN. Although a total of six such tags were in our library, it reliably mapped to a large number of genes in addition to IL1RN. However, immunostaining of human MSC populations revealed a distinct subpopulation of IL1RN-expressing cells (Fig.  6a) . FACS analysis confirmed that Ϸ5% of human MSCs expressed IL1RN protein (Fig. 6b) . Therefore, the ability of MSCs to express IL1RN is conserved among different species.
Discussion
Our study identifies a subpopulation of MSCs that secrete high levels of IL1RN, which was shown to antagonize the function of IL-1␣ and block production of TNF-␣ from activated macrophages in vitro. Considering that TNF-␣ and IL-1␣ lie at the nexus of the inflammatory response, these findings reveal a novel mechanism by which MSCs protect lung tissue from BLMinduced injury (SI Fig. 8) . Moreover, our results showed that MSC administration was more effective than recombinant IL1RN, delivered systemically or by viral infection, in inhibiting immune cell trafficking and cytokine expression levels in lung in response to BLM exposure. The enhanced effectiveness of MSCs likely reflects their ability to traffic to and engraft within the lungs for prolonged periods after systemic injection (22, 24, 25) , a process that may be enhanced by the accumulation of hyaluronan degradation products in the inflamed lung (26, 27) . The latter is consistent with our studies showing that MSC engraftment levels are elevated in lung by BLM exposure (19) , which may effectively target IL1RN to sites of lung injury.
Paradoxically, our findings indicate that endogenous IL1RN produced in the inflamed lung was not as effective as MSCs in modulating the inflammatory response to BLM. This may be explained by the fact that MSCs engrafted in lung produce IL1RN constitutively during the initial phases of the inflamma- IL1RN (b) mRNA in lung at 7 and 14 days after BLM exposure was quantified by real-time PCR, using the relative Ct method. Plotted values represent the average Ϯ SD (bars) calculated from animals within each treatment group and then normalized to 7 day saline control treated animals (n ϭ 3-7 mice). * , P Ͻ 0.0002; ** , P Ͻ 0.01; #, P Ͻ 0.05. tory response, whereas local production only occurs later in response to inflammation. IL-1␣ is know to positively regulate expression of IL1RN, providing a means to counterbalance its potent activity in vivo (28) . In this context, IL1RN expression in tissues reflects the amount of IL-1 activity induced by tissue injury. However, there exists in cells a significant delay between exposure to IL-1 and expression of IL1RN protein (29) , and our own work shows that IL-1␣ induces in MSCs a significant increase in IL1RN secretion only after 72 h of exposure (SI Fig.  9) . Therefore, high endogenous IL1RN levels in lung reflect an ongoing inflammatory response, which is down-regulated only after significant tissue damage occurs. In contrast, MSCs protect lung tissue from bleomycin-induced injury by preventing the inflammatory response. This effect is consistent with the fact that MSC administration inhibited collagen accumulation and blocked matrix metalloproteinase activation in the lungs of mice challenged with BLM (19) .
Our data also show that MSCs block recruitment of lymphocytes and neutrophils into the injured lung, which is consistent with our previous histological findings (19) . Neutrophils contribute to parenchymal injury by producing toxic reactive oxygen intermediates, cytokines, and secreting proteolytic enzymes that alter the lung cytoarchitecture (30, 31) . In addition, lymphocytes produce secondary immune effectors, such as IL-6, and induce epithelial cytotoxicity (32) . Recent studies indicate that TNF-␣ also contributes to the pathophysiology of ILD by inducing apoptosis of epithelial cells by direct activation of the TNFR and indirectly by stimulating expression of IL-1 (29) . Therefore, MSCs may directly enhance epithelial cell survival by blocking downstream effects of TNF-␣ and IL-1. This outcome has important implications, because injury to the alveolar epithelium has serious clinical consequences, including dysregulation of surfactant production and exposure of the basement membrane, which causes further macrophage activation.
It is well established that TNF-␣ and IL-1 also function as potent bone-resorbing factors (33, 34) , the effects of which can be modulated by IL1RN (35) . Therefore, IL1RN-expressing MSC subpopulations identified herein may represent a unique subtype of stromal cell that plays an important role in modulating bone turnover in vivo. This would explain why IL1RN expression by MSCs is conserved across species. These results are consistent with our previous study showing the cellular composition of marrow stroma and its associated functions are more complex than previously envisioned (20) . Our data indicating that IL1RN-expressing subpopulations are less abundant in human vs. murine populations may reflect differences in the anatomical location and methods used to isolate and culture expand the cells. Nevertheless, the existence of IL1RN-expressing MSCs in human bone marrow may provide a novel cellular vector for treating chronic inflammatory diseases in humans, particularly those affecting the lung.
Methods
Isolation of MSCs. Murine MSCs were isolated from 4 week-old, male Balb/C mice and purified by immunodepletion as described in ref. 21 . In some experiments CELLection Dynabeads (Dynal Biotech, Brown Deer, WI) were used to recover immunodepleted cell lineages. Human MSCs were isolated from small volume (2-to 5-ml) bone marrow aspirates obtained from healthy donors (23) as approved by the Institutional Review Board of Tulane University.
ELISAs. Murine plastic adherent marrow cells or MSCs (50,000-200,000 cells) were cultured for 5-7 days in ␣-MEM media (Invitrogen, Carlsbad, CA) supplemented with 10% FCS (Atlanta Biological, Atlanta, GA), 100 units per ml penicillin, and 100 g/ml streptomycin. Cells were washed with HBSS and maintained in 1 ml of serum-free ␣-MEM for 24 h, and the conditioned media were collected. Levels of IL1RN in conditioned media were quantified by using the Mouse Quantikine ELISA Kit (R&D Systems, Minneapolis, MN).
Immunostaining. Murine MSCs (2 ϫ 10 4 cells per 0.4 cm 2 ) were fixed for 15 min at room temperature, washed, fixed for 30 min in blocking buffer (PBS containing 0.1% BSA, 5% Tween-20, and 20% donkey sera), incubated overnight at 4°C with a 1:100 dilution of an anti-mouse IL1RN antibody (Santa Cruz Biotechnology, Santa Cruz, CA), and then 1 h at room temperature with a 1:2,000 dilution of an Alexa Fluor 546 donkey anti-goat IgG(HϩL) (Molecular Bioprobes, Eugene, OR). Slides were counterstained with DAPI, photographed with a Leica RX-DMV fluorescent microscope (Meyer Instruments, Houston, TX) with a Cooke Sensicam digital camera (Hamamatsu, Bridgewater, NJ), and rendered by using Slidebook software (3I, Denver, CO).
FACS Analysis. Murine MSCs (3 ϫ 10 5 ) were incubated in 1 ml of fixation buffer (Santa Cruz Biotechnology) for 30 min, washed, and incubated for 15 min with a 1:60 dilution of a rat anti-mouse CD16/CD32 antibody (BD Biosciences, San Jose, CA) at 4°C in the dark. Cells were then incubated 15 min in permeabilization buffer for 1 h with a 1:100 dilution of an anti-IL1RN antibody and then for 20 min with a 1:200 dilution of a FITC-conjugated donkey anti-goat antibody (Santa Cruz Biotechnology). Cells were washed and resuspended in 500 l of wash buffer, and the extent of cell labeling was evaluated by using a Beckman Coulter Model Epics XL flow cytometer (Beckman Coulter, Fullerton, CA). Isotype controls were run in parallel, using the same concentration of each antibody tested. Human MSCs were processed similarly except that use of the anti-CD16/CD32 antibody was omitted.
PCR. SAGE tags corresponding to IL1RN were validated by screening a murine MSC cDNA library (20) by PCR, using the following primers: 5Ј-AGGCCCCACCACCAGCTT TGAGTC-3Ј and 5Ј-TCACCCAGATGGCAGAGGCAACAA-3Ј. An aliquot (50-l) of the pooled cDNA phage library was boiled for 5 min, and then 500 ng was used as input in a PCR (100 l) containing 100 pmol of forward and reverse gene-specific primers, 1ϫ PCR buffer, 0.2 mM dNTPs, and 0.5 l of TaqDNA polymerase (Qiagen, Valencia, CA). After an initial denaturation step at 94°C for 3 min, reactions were amplified for 30 cycles at 94°C for 30 sec, 59.9°C for 45 sec, and 72°C for 90 sec, followed by a final incubation at 72°C for 7 min. PCR products were gel-purified by using GeneElute columns (Sigma, St. Louis, MO) and cloned by using the AdvanTAge PCR cloning kit (Clontech, Palo Alto, CA). Plasmid DNA was isolated and sequenced to confirm the identity of the PCR product.
T-Cell Proliferation and Macrophage Activation Assays. D10.G4.1 and RAW-264.7 cell lines were maintained as described by the supplier (ATCC, Manassas, VA). D10.G4.1 cells (500,000) were cultured with the indicated concentration of recombinant mouse IL-1␣ alone or in combination with varying amounts of recombinant mouse IL1RN, a neutralizing anti-IL1RN antibody (R&D Systems) or MSC-conditioned media. Cultures were maintained for 3-5 days with media changes each day, after which the total number of viable cells were determined by staining with Tryptan blue and counting on a hemocytometer. RAW-264.7 cells were exposed to 1 g/ml LPS (Sigma) or 20 g/cm 2 silica (provided by A. Ghio, Environmental Protection Agency, Chapel Hill, NC) for 4 h in the presence of MSC-conditioned media preincubated with or without a neutralizing anti-IL1RN antibody. Subsequently, levels of TNF-␣ secreted from cells were quantified by ELISA as described in ELISAs. All assays were performed in quadruplicate.
